Abstract-This paper presents a parametric sweep analysis discussion on proposed DC-DC boost converter circuit for low and wide voltage supply range. Analysis is initially done using computer simulation and then tested with experimental work. Results are combined and discussed in details. In this work, effect of parameter such as input voltage, switching frequency and inductance is presented in details. A linear conversion has been observed in this work. Low DC input voltage of 100 mV to 1.5 V is used and successfully converts to up to 50 V in linear inclination, considering C L = 10 μF, and R L = 10 k . The circuit parameter for this voltage range are L = 100 μH, D = 50 %, and 2 kHz frequency operation. This circuit can be used for energy harvesting purpose and medium voltage application such as aircraft, wireless measurement system and automotive.
I. INTRODUCTION
There are numerous researches on the harvester device that have been done to replace the conventional battery. Some of the research works in this area focuses on the method of energy harvesting itself [1] [2] and on the system architecture of the energy harvester [2] [3] [4] [5] [6] . Often, the energy obtained from this harvester is very low (less than 1 V) and limited to the environment condition. This is a challenge to circuit designers to optimize the energy amplitude so that the output is usable while at the same time improves the overall efficiency of the circuit. Due to this, focus has been made on the power stage to amplify the scavenging energy. This includes the use various converter including the buck-boost, buck, and boost converter.
Some improvement has been made to the normal quadratic boost converter with capacitor-inductor-diode, CLD cell in [7] , where the input is reduced to 10 V with the same output boost up to 48 V. Other technique is reported to use multiphase boost converter. This method combines a number of boost converters stacked in parallel arrangement to obtain the same 48 V output voltage. However, all of these methods do not utilize a low input voltage ranging between 0.1 and 1 V to be able to generate a medium range voltage of 40 V to 48 V.
Another attempt has been made in [8] where input of 12 V is stepped up first to 40 V by using multiphase boost converter method and can further boost up to 444 V using multistage boost converter. This however sacrifices the overall circuit area as the number of repeated boost converters is arranged both in parallel and series fashion. Conventional IC usually required low voltage operation range such of 1.2-3.3 V [4] [5] . System that make use energy harvester will have low input that is less than 1 V. It is desired to design a simple system using this architecture. This paper is a continuity of work done in [9] and it presents a parametric analysis of the proposed boost converter to convert low input DC voltage range of 0.1-1.5 V to an output voltage of 50 V. The analysis was initially done at simulation level and later verified by experimental procedure. The intended end application of this proposed system is for the medium voltage range devices. Discussion on the analysis is presented in this paper, mainly focusing on the following parameters; switching frequency and inductor variation.
II. METHODOLOGY
Boost converter operates such a way that it amplifies its input voltage. Depending on the components, end applications and the way it is designed, boost converter can operates as intended. A normal DC-DC boost circuit configuration consists of inductor L, diode, load capacitor C, and switch circuit S W . The boost circuit shown in Fig. 1 consist of MEMS switch for switching purposes and Fig. 2 is the experimental setup. MEMS switch is proposed to generate pulses to turn on the MOSFET. Switching exist when vibrations from surrounding generates energy to activate the MEMS switch, and it affects the switching frequency of the boost converter. The MEMS switch can be any micro electromechanical device that has frequency in kHz range, such as, the cantilever beam. Having low forward voltage of 0.3 V, Schottky barrier diode is used to replace the normal diode as it reduces the power loss. Results of both computer simulation and experiment for boost operation circuit are shown in Fig. 3 -5. Due to low voltage characteristic surrounding energy for energy harvester, the input voltage amplitude is chosen to vary in between 0.1 to 1.5 V. The simulation is done using frequency 1 to 50 kHz range. The rise and fall time is chosen to be 2.9 μs at a period of 1 ms as obtained from the experiment. Each parameter value chosen for the boost converter simulation is listed in Table 1 .
In order to eliminate the error obtained from the experimental results, the circuit in PSpice simulation tool needs to be integrated with internal resistance R 1 at the supply voltage. It is equivalent to the summation of measured internal resistance at the supply voltage R Supply , and the measured internal resistance of the inductor R Inductor . The equivalent internal resistance is as shown in (1), where the resistance at the power supply is given by (2) Inductor Supply 
III. COMPUTER SIMULATION AND EXPERIMENTAL RESULTS
The detail analysis of the results will be presented in the following sub-sections under consideration of the following parameter for the boost converter; switching frequency, inductor variation, and followed by the discussion of each subsection. Fig. 3(a) shows the effect of changing the switching frequency to the output voltage. The comparison shown in this analysis is by using L = 100 μH, D = 50 %, under R L = 10 k , and C L = 10 μF load. Inductor's and load capacitor's value is maintained the same throughout the simulation testing using 500 mV supply. Different set of inductance is calculated using (3), and frequency of operation of each inductor is tabulated as in Table 2 . Results show that the output voltage increases with the increase of frequency rate. By increasing the inductance value, this will eventually decrease the output voltage. Theoretically, maximum resonant frequency is at 5 kHz which is obtained from (3) for L = 100 μH, as calculated in Table 2 and with reference to the simulated result in Fig. 3(a) .
A. Switching Frequency Variation
It can be seen from the simulation, the highest amplitude peak is at 16.5 V within the variation switching frequency of 2 kHz to 5 kHz. However, the experiment data has shown a decreasing value after 2.5 kHz as compared to the theoretical value, it might be due to parasitic capacitance of the inductor and the skin effect caused by the increasing of frequency to the wire across the line. However in this work, the target frequency is for low range frequency i.e. a frequency up to 2.5 kHz. Due to this reason, the switching frequency is chosen to be at 2 kHz for the boost design parameter.
B. Inductance Variation
Five different inductor values L = 4.7 μH, 10 μH, 47 μH, 100 μH, and 150 μH were chosen to observe the influence of inductance to the boost converter's output voltage for the frequency ranging from 50 Hz to 50 kHz frequency. Fig. 3(b) shows the dependence of the boost converter output voltage V OUT , on the switching frequency f S , with varying of the inductor. It is initially observed that the output voltage increases with increasing of the switching frequency. After certain frequency, the output voltage reduces with the increasing of frequency. This behaviour is recorded to be the same for all inductor values.
It is observed in Fig. 3(b) , that there are two different nature of variations; (i) narrow and (ii) broad range frequency group. The narrow band can be categorized in this inductance group, L = 47 μH, 100 μH, and 150 μH. It appears to have the highest voltage at 2.5 kHz frequency and started decreasing afterwards. The broad range group have shown a wider maximum frequency curve formed by L = 4.7 μH and 10 μH, at amplitude of 8 V and 10.5 V respectively. The maximum voltage for the broad range occurs at 10 kHz. It is desirable to have a wide and broad frequency band in any system as it will give constant amplitude throughout the wide range of targeted frequency compared to narrow frequency band. However, this wide frequency band has its own limitation in terms of lower inductance value and is not suitable for lower frequency application as in (4) 
Inductance 100 μH is chosen in the following simulations due to the reason of low target frequency which is suitable for energy harvesting application. In addition, the 100 μH has more stable frequency band, and broader in frequency band curve when compared to the 150 μH, in Fig. 3(b) . It also has stable lower operating range when compared to the 47 μH. Fig. 4(a) and (b) are plotted using the peak amplitude obtained from results illustrated in Fig. 3(b) . It has shown a clear trend of each output voltage and maximum frequency value across inductance variation using (4). Fig. 4(a) shows the frequency at which the maximum output voltage occurs with the variation of the inductance. Solid triangle is the output voltage obtained from the experiment data. The result shows that low value of inductance variation requires higher switching frequency and otherwise for larger inductance values. However, as inductance increased more than 35 μH, there is slow decreasing in the switching frequencies and almost consistence throughout ± 3 kHz. Equation for the decreasing exponential curve can be written as in (5) (5) A larger inductance provides more energy transfer for every switching cycle to the output voltages. The higher the switching frequency is, the higher the switching losses it would contribute to the system. Overall, efficiency of the system also decreases. It is consistent to our design target to choose small frequency for the system. In this work, 2 kHz is chosen for the switching frequency. The value is neither too high to give current stress to the inductor per every cycle nor too small as it could contribute to unstable operation. The increasing exponential curve shown in Fig. 4(b) is the dependence of the output voltage to the inductance variation. Solid square line is the experimental data. It is proven that with large inductor value, more energy is transferred to the capacitor storage for every ON state as verified in (4) . The relation of this curve can be viewed as (6) ( ) 16 9 .
C. Input Voltage Effect
A linear curve fitted graph is set to the output voltage to check for its linearity, as in Fig. 5 . Simulation was done by using inductor L = 100 μH and compare with the experimental result, both under 10 k load resistor condition. The solid square is the experiment results at frequency f S = 2 kHz using input range of 0.1 V to 1.5 V. Experiment result shows a constant linear increment from 4 V up to 50 V. The linear relation of this graph can be written as (7) 94 . 0 9 . 32 + = IN OUT V V (7) IV. CONCLUSION Wide linear output is possible to obtain by properly design the boost converter. Proper design consideration such as from inductance value and frequency range parameter should be considered. Maximum excitation output voltage for this experiment is at the frequency range of 2 to 5 kHz. Higher value of inductance produces highest output voltage, in this case using L = 100 μH. Other necessary elements important to be considered are duty cycle, rise and fall times of the switching pulses, and the duty cycle. The experiment results show a wide linear output from 4 V to 50 V successfully boosted from 0.1-1.5 V input. In this work, the parameter values specifically for medium voltage range application, are L = 100 μH, D = 50 %, C L = 10 μF, and f = 2 kHz under R L = 10 k load.
